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Abstract—This paper focuses on MEMPHIS (Multi-frequency Experimental Monopulse High-
resolution Interferometric SAR) data processing, possible applications using its various SAR
modes and the results obtained. The processing chain used to focus MEMPHIS data is presented.
To demonstrate the focusing quality, the signatures of corner reflectors were analyzed, revealing
not only a high resolution, but also a very precise geometric positioning accuracy on the order
of the resolution, in spite of MEMPHIS’ experimental and portable design. Finally, applications
and results using the various antennas are presented, such as the generation of digital surface
models with the multi-baseline interferometric antenna along with a quality evaluation, as well
as channel combinations of the polarimetric data.
1. INTRODUCTION
MEMPHIS is a millimeter-wave high-resolution SAR system, developed and operated by the Ger-
man research institute Fraunhofer FHR [1]. It operates at the 35GHz and 94GHz radar bands
(Ka and W-bands respectively). It is an experimental, modular and removable system, typically
mounted on a C-160 Transall airplane. Various antenna shapes and configurations can be used,
making the following SAR modes possible: single-path multi-baseline cross-track interferometry
with a four horn antenna, dual-pol circular or linear polarimetry and monopulse for MTI applica-
tions.
MEMPHIS was introduced at the end of the 90’s and has significantly improved over the years,
including enhancement of the bandwidth using a stepped-frequency chirp, addition of dGPS and
precise INS systems, as well as the determination of the lever arms. This has led to a dedicated
processing chain, whose features include navigation data processing, SAR data extraction and syn-
chronization with the navigation data, range compression of the separate stepped-frequency raw
data, reconstruction of the full bandwidth from the range-compressed data of each chirp and az-
imuth focusing using an Extended Omega-k algorithm. MEMPHIS characteristics are summarized
in Table 1.
2. PROCESSING CHAIN
2.1. Navigation Data
The quality of the aircraft navigation data is not su±cient for processing the SAR data with a
high quality due to low GPS positioning precision, low sampling rates for the INS and GPS and
inaccurate synchronization between the systems. To overcome these weaknesses, an additional
dGPS antenna (AeroAntenna AT2775-41 with a Trimble R7 receiver) was used beginning in 2009
Table 1: MEMPHIS SAR system parameters.
Carrier frequencies 35GHz (Ka-band) and 94GHz (W-band)
Bandwidth 900MHz (stepped-frequency)
PRF 1500Hz
Typical airplane velocity 77m/s
Airplane altitude 300–1000m a.g.l.
Depression angle 20±–35±
Theoretical range resolution 0.167m
Theoretical azimuth resolution 0.082m in Ka-band, 0.061m in W-band
2and a precise INS system (iMAR iNAV-RQH, provided by TU Munich) followed in 2011. These
are synchronized with the SAR data using event and second markers. Using terrestrial surveillance
method, the lever arms between the various systems were measured with a few centimeters accuracy.
The navigation data from the additional dGPS and INS are processed together with the Novatel
Inertial Explorer commercial software. This software directly combines the raw data from both
sources to calculate the position, velocity and attitude information. The resulting navigation data
may contain a few spikes, and are too noisy (in the mm range) for directly using them for the SAR
processing. A post processing is therefore needed to remove the spikes and smooth the navigation
data through a Kalman filter for the position and velocity and an average filter for the attitude
data.
2.2. From Raw to Stepped-frequency Range Compressed Data
MEMPHIS uses stepped-frequency chirps to enhance its bandwidth. It transmits successively 8
chirps with 200MHz bandwidth and 100MHz overlap between each successive chirp, forming a
900MHz full bandwidth. The raw SAR data corresponding to each chirp part are extracted and
synchronized with the navigation data using the event markers. Each of the raw data files is range-
compressed using either chirp replicas when available or synthetic chirps, using a conventional
matched filtering technique.
The full bandwidth is then reconstructed through a stepped-frequency algorithm based on [2]. A
range FFT is first applied to the range-compressed data from each chirp, their spectra arranged side
by side in a new array, and overlapping frequencies averaged through a weighted average function.
An inverse FFT is then finally applied to obtain the range-compressed data of the full bandwidth.
In case of range artifacts, the phases of the overlapping frequencies are compared and corrected
before the full bandwidth is reconstructed.
2.3. Azimuth Compression
The azimuth focusing is performed using an Extended Omega-k algorithm [3]. This algorithm
extends the conventional Omega-k algorithm to airborne SAR systems with large antenna beam
widths in both directions. The block diagram in Figure 1 shows the algorithm processing chain.
It includes a two-step motion compensation. The motion compensation is first prepared: the
navigation data are transformed into Cartesian coordinates, they are linearized with a constant
velocity, the distances between the real and linearized tracks are calculated and projected onto the
depression angles corresponding to each range position. In the first order motion compensation, the
SAR data are interpolated in the azimuth direction to correspond to the constant velocity. A range-
independent pixel shift and phase correction is applied, corresponding to the mid-range depression
angle. The second order motion compensation is performed after the range cell migration, and
consists of a range-dependent phase and pixel shift correction.
The modified Stolt mapping performs the range cell migration. An approximation is often used
for the conventional Stolt mapping to avoid interpolating the data and using a phase shift in time
domain instead [4]. This approximation cannot be used with our implementation as the shift is not
constant in the ! direction, thus the interpolation is made separately for the real and imaginary
parts with a B-spline interpolation method ([5] and [6]).
In Ka- and especially W-bands, the Doppler centroid can vary extremely: it is not uncommon
to have ª 1 PRF variation within a few seconds. It also varies strongly along the range direction.
A variable Doppler centroid can be handled through the combination of zero interleaving [7] and
a windowing of the azimuth spectrum. In the range direction, the filtering window is defined for
mapping RC-data 2D IFFT2D FFT
focusing IFFT 
1st order
moco
Modified Stolt
2nd order
moco
Azimuth
FFT
Azimuth Azimuth
SLC image
Figure 1: Block diagram of the extended Omega-k algorithm.
3Figure 2: Point target analysis of a reflector signature in Feldberg.
Table 2: Summary of the point target analysis over the reflectors in Feldberg and Memmingen. Fourteen
samples were analyzed in Feldberg and eight in Memmingen.
Feldberg Memmingen
Average Std. dev. Average Std. dev.
Range resolution [cm] 19.4 2.11 18.35 1.64
Azimuth resolution [cm] 10.69 1.97 9.29 0.59
Range PSLR [dB] °14.27 1.62 °11.09 1.13
Azimuth PSLR [dB] °19.69 7.56 °24.38 4.03
Range position error [cm] °4.05 7.93 1.18 12.98
Azimuth position error [cm] °0.41 13.93 °12.15 9.18
each range line. In the azimuth direction, a block processing with overlapping blocks is needed to
handle the varying Doppler centroid, at the expense of a longer processing time. A downsampling
corresponding to the zero interleaving can be applied at the end of the azimuth compression.
3. RESULTS
The Ka-band results from two areas surveyed during a May 2011 campaign, namely the Feldberg in
the Black Forest, Germany and Memmingen in Bavaria, Germany, were analyzed. Reflectors were
deployed on the ground and their positions were measured with a few centimeters accuracy using
dGPS. The signatures of these reflectors were then analyzed as shown in Figure 2. The average
and standard deviation of the results are summarized in Table 2.
The experimental values obtained for both range and azimuth resolutions are close to the the-
oretical expectations (see Table 1). Moreover, the positioning accuracy is also very high, despite
the experimental setup. This confirms the accuracy of many hard- and software parameters: navi-
gation data acquisition and processing, lever arm measurements, SAR system parameters like the
sampling window start time, PRF and sampling rate accuracies, SAR data processing including
the motion compensation steps, speed of light in the atmosphere.
4Figure 3: Results of the interferometric processing of a Ka-band data take over Feldberg, acquired in
May 2011. One of the four SAR images is shown on the left. The interferogram in the middle was generated
with a baseline of 0.165m, resulting in a 2º ambiguity of ª 68m. The image on the right is a 3D visualization
of the reconstructed digital surface model, overlaid with the geocoded SAR image. The two towers on top
of the ridge as well as the pylons of the cable car and chairlift on the right are clearly visible.
Figure 4: Circular dual-polarization Ka-band composite image of an agricultural area near Oensingen,
Switzerland acquired in June 2010. The RR and RL polarizations are respectively represented as red and
green channels. Man-made objects appear yellow/red, since they contain more RR scattering due to double-
bounce scattering. The electric lines are only reflected once and appear pure green.
4. APPLICATIONS
MEMPHIS is a versatile system that can be used for various applications. Two of them are briefly
presented in the following sections, including some image examples.
4.1. Multi-baseline Cross-track Interferometry
Interferometric antennas can be used with MEMPHIS sensor. Both 35 and 94GHz antennas consist
of one emitter and four receivers placed vertically, allowing multi-baseline cross-track interferometry.
Interferometric processing of MEMPHIS data and its results are presented in [8]. The new INS and
the implementation of the Extended Omega-k algorithm have further improved the quality of the
5digital surface models generated. Figure 3 shows a result of the interferometric processing. The
accuracy of the generated height model is in the order of 0.5m RMSE, when compared to LIDAR
measurements.
4.2. Dual-pol Circular Polarimetry
One emitter and two receivers for each frequency can be used at a time, allowing dual-pol polarime-
try. Using only dual-pol instead of full-pol data and the properties of millimeter waves (almost no
vegetation penetration) suggest the use of circular-polarized waves. Odd and even reflection num-
bers are then visible on the composite image, emphasizing for example the scattering of man-made
objects. An example is shown on Figure 4.
5. CONCLUSIONS
In this paper we described the current status of the MEMPHIS SAR system and its data processing.
Despite its experimental and portable design, we obtained a resolution near the theoretical best case
and high positioning accuracy through the use of accurate navigation data, precise characteriza-
tion of the hardware parameters and a robust processing chain. We demonstrated two applications,
multi-baseline interferometry and circular polarimetry, which have become feasible thanks to MEM-
PHIS modular design. The digital surface models generated with the multi-baseline interferometric
data are also highly accurate.
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